• ADAMTS13 controls key steps of vascular remodeling during stroke recovery. • Recombinant ADAMTS13 enhances ischemic neovascularization and vascular repair.
Introduction
Stroke is a leading cause of long-term disability worldwide; however, there are no effective therapies available for promoting stroke recovery. Brain ischemia stimulates ongoing neurogenesis, which leads neuronal precursor cells to migrate to ischemic regions to support remodeling of damaged tissue. 1 Despite multiple reports that indicate stem cell therapy holds promise in enhancing functional restoration in stroke, it has been limited by poor survival and differentiation of transplanted cells. 2, 3 Studies have shown that brain ischemia also induces vascular remodeling in the peri-infarct area. 4, 5 Angiogenic vessels secrete neurotrophic factors and chemokines, which may create a suitable microenvironment within the damaged brain that supports the survival of newly formed neurons. 6 In stroke patients, increased vascularization in the peri-infarct area is correlated with longer survival, indicating that the angiogenic response after stroke is important for neurological recovery. 7 Hence, understanding the mechanisms underlying angiogenesis and vascular repair after brain injury may have important therapeutic value for stroke and degenerative diseases.
von Willebrand factor (VWF) is a large multimeric glycoprotein that plays an important role in hemostasis, thrombus formation, and inflammatory cell recruitment. 8 VWF is normally synthesized by vascular endothelial cells and megakaryocytes and stored in Weibel-Palade bodies of endothelial cells and platelet a-granules. 9 During vascular injury, VWF is secreted as hyperactive ultralarge multimers (UL-VWFs), which are rapidly cleaved by a disintegrin and metalloprotease with thrombospondin type I motif, member 13 (ADAMTS13) into smaller, less reactive fragments. 10 Deficiency of ADAMTS13 activity results in accumulation of UL-VWF in circulation and causes thrombotic thrombocytopenic purpura. 10 In addition, ADAMTS13 was also shown to reduce both thrombosis and inflammation through the cleavage of VWF. [11] [12] [13] Angiogenesis is a complex process constituting multiple steps. Vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR-2) initiate angiogenesis, and angiopoietins (Angs) 1 and 2 are implicated in vascular maturation and stabilization. 14 In angiogenic tissues, Ang-2 was shown to act synergistically with VEGF-A to increase angiogenesis. 15 VWF is the main constituent protein of endothelial Weibel-Palade bodies, which also contain Ang-2 and other angiogenesis mediators. 16, 17 Loss of VWF resulted in increased release of Ang-2 and activation of VEGFR-2 and promoted VEGFR-2-dependent angiogenesis. 18 Furthermore, when the phosphorylation of VEGFR-2 was inhibited, the increased in vitro angiogenesis in VWFdeficient cells was normalized. 18 However, other VWF-associated angiogenic regulators may also be involved in the antiangiogenic effects of VWF. In particular, galectin-3 (Gal-3) is able to directly bind to VWF and can induce phosphorylation of VEGFR-2. 19, 20 Recent studies suggest that VWF participates in multiple vascular processes. The importance of VWF in vessel patterning has been reported, and the role of VWF in vascular smooth muscle cell coverage during vascular development was demonstrated 18, 21 Because ADAMTS13 proteolytically degrades VWF, 10 it may also play a role in angiogenesis. Indeed, ADAMTS13 was recently reported to increase VEGFR-2 phosphorylation and promote proliferation and migration of human umbilical vein endothelial cells in vitro. 22 However, whether ADAMTS13 plays a role in vascular regeneration in vivo remains elusive.
In this study using the Adamts13 2/2 and Adamts13 2/2 Vwf 2/2 mice, we have investigated the mechanism by which the VWFcleaving proteinase ADAMTS13 modulates neovascularization and blood-brain barrier (BBB) integrity in the ischemic brain and describe a new mechanism involving Ang-2, Gal-3, and phosphorylated VEGFR-2 (pVEGFR-2). We have also studied whether late administration of recombinant ADAMTS13 (rADAMTS13) enhances vascular repair and regeneration of blood vessels damaged by stroke.
Methods

Animals
The Adamts13 2/2 and Vwf 2/2 mice (The Jackson Laboratory) were crossed to generate Adamts13 2/2 Vwf 2/2 mice, which were on C57BL/6 background. All experimental procedures were approved by the Animal Care and Use Committee of Institutes of Brain Science, Fudan University. Details can be seen in the supplemental Methods, available on the Blood Web site.
Distal middle cerebral artery occlusion
Cortical cerebral ischemia were produced by electrocoagulation of the distal portion of the right middle cerebral artery, as described elsewhere (supplemental Methods). 23 
Treatment regimens
Recombinant human ADAMTS13 (rADAMTS13; 25 ng in 2 mL phosphatebuffered saline [PBS]; R&D Systems) was injected either into the lateral ventricle (25 ng in 2 mL PBS) or IV (50 mg/kg) into mice once a day for 1 week. 13, 24 Treatment with rADAMTS13 effectively induced the expression of human ADAMTS13 at 14 days after stroke (supplemental Figure 6A ). To examine the effects of a combined rADAMTS13 and VWF approach on neovascularization and BBB permeability, human VWF (5 mg/mouse; Haematologic Technologies, Essex Junction, VT) was administrated IV with rADAMTS13 into mice once per day for 1 week. 25 Because the half-life of human VWF is very short in mice, 26, 27 daily administration was performed. VEGFR-2 antagonist Su1498 (250 ng in 2 mL PBS containing 1% dimethyl sulfoxide; Abcam, Cambridge, MA), recombinant human galectin-3 (rGal-3; 5 mg/mouse; Peprotech, Rocky Hill, NJ) or rabbit anti-VWF antibody (6 mg/g body weight; Dako, Carpinteria, CA) was administered for 1 week. 28, 29 Angiopoietin-2 adenovirus or control only expressing red fluorescent protein was injected into the right striatum (1 mL of 1.2 3 10 13 viral genomes/mL). All treatments were started at 7 days after cerebral ischemia (supplemental Methods).
In vivo multiphoton microscopy analysis
In vivo time-lapse images were taken using a multiphoton laser-scanning microscope (FV1200MPE, Olympus, Japan). For determination of the perfused microvascular length, fluorescein isothiocyanate (FITC)-conjugated dextran (FITC-dextran; molecular weight [MW] 5 2 000 000 Da, Sigma-Aldrich; 0.1 mL of 10 mg/mL) was injected IV. For determination of cortical cerebrovascular permeability, FITC-dextran (MW 5 40 000 Da, Sigma-Aldrich; 0.1 mL of 10 mg/mL) was injected IV and multiphoton time-lapse imaging was taken (supplemental Methods).
Statistical analysis
Data are represented as mean 6 standard deviation (SD) and were analyzed using 1-way analysis of variance (ANOVA) followed by the Bonferroni multiple comparison test. When 2 groups were compared, unpaired 2-tailed Student t test was used. Differences were considered significant with a P , .05.
Results
ADAMTS13 deficiency reduces neovascularization during stroke recovery
To address the role of ADAMTS13 on neovessel formation during stroke recovery, we used Adamts13 2/2 mice. No significant differences were observed in brain microvascular structure (microvascular length/ area and the length of perfused cortical microvessels) and permeability of the BBB between wild-type (WT) and Adamts13 2/2 mice after sham operation (Figures 1B,E and 2A). We subjected mice to distal middle cerebral artery obstruction, and analyzed the blood vessels in the periinfarct cortical areas. Hematoxylin and eosin staining of coronal section shows the areas surrounding the infarct (peri-infarct cortical areas) used for all histological measurements and in vivo multiphoton microscopy analysis ( Figure 1A ). At 14 days after stroke, Adamts13 2/2 mice showed significant reductions in both microvascular length and area, by 30% and 47% ( Figure 1B) , respectively, compared with WT mice. There was also a significant decrease in microvascular length and area in Adamts13 2/2 mice subjected to stroke compared with shamoperated mice. Moreover, vascular branches and the number of positive isolectinB4 (IB4 1 ) endothelial tip cells were decreased by 44% and 59%, respectively, in Adamts13 2/2 mice ( Figure 1C ; supplemental Figure 1 ). We further examined the effect of ADAMTS13 deficiency on endothelial proliferation by repeated 5-bromo-29-deoxyuridine (BrdU) administration and found that the numbers of BrdU 1 /CD31 1 endothelial cells were decreased by 47% in Adamts13 2/2 mice compared with WT mice ( Figure 1D ). These data suggest that ADAMTS13 has a modulatory role in neovessel formation by regulating vessel sprouting and endothelial proliferation.
Based on the vascular data obtained by histological quantification, we assessed cerebrovascular perfusion using in vivo multiphoton microscopy imaging of IV injected FITC-dextran (MW 5 2 000 000 Da). This analysis indicated a 63% reduction in the length of perfused cortical microvessels in Adamts13 2/2 mice compared with WT mice ( Figure 1E ). Next, we evaluated the functionality of cortical vessels by in vivo administration of tomato-lectin. The area of tomato-lectinperfused vessels was profoundly reduced by 37% in Adamts13 2/2 mice ( Figure 1F ). Thus, ADAMTS13 deficiency leads to significant reductions in vascularization and brain vascular perfusion after stroke.
ADAMTS13 deficiency disrupts vascular integrity and exacerbates BBB breakdown
Cerebrovascular integrity, which is critical for proper vascular function, is disrupted after stroke and can last up to several weeks. 30, 31 To investigate the role of ADAMTS13 on cerebrovascular permeability, we performed in vivo time-lapse multiphoton imaging assays after intravenous administration of a vascular tracer, FITC-dextran (MW 5 40 000 Da). The results revealed that high-molecular-weight FITCdextran did not leak in cortical vasculature in the sham group ( Figure 2A ). As described previously, we found significant increase in neovascularization in the peri-infarct cortical areas at 14 days after stroke compared with sham-operated brains ( Figure 1B -D; supplemental Figure 1 ). However, immunostaining for plasma-derived immunoglobulin G (IgG) and endothelial cells revealed significant perivascular IgG accumulation in these peri-infarct areas ( Figure 2B ). Moreover, we found that the microvessel wall in the peri-infarct areas showed serious leakage of the FITC-dextran propagating to the nearby parenchyma (Figure 2A) , where new vessels are located (Figures 1B-D and 2B), indicating that newly formed vessels are permeable and not yet fully developed. Quantitative analysis demonstrated that BBB permeability was greatly increased by 82% in Adamts13 2/2 mice compared with WT controls (Figure 2A ). Consistent with these findings, Adamts13 2/2 mice exhibited a significant increase in dextran leakage where dextran was injected IV ( Figure 2C Figure 1 . ADAMTS13 deficiency reduces neovascularization during the recovery phase after stroke. (A) Hematoxylin and eosin-stained coronal sections of ischemic brain at 14 days after stroke. The broken blue line shows the location used for all histological measurements and in vivo multiphoton microscopy analysis in the peri-infarct cortical areas (the areas surrounding the infarct). Scale bar 5 1 mm. (B) Representative images of CD31 1 microvessels at 14 days after stroke or sham operation in WT and Adamts13 2/2 mice, and quantification of CD31 1 microvascular length and percent area occupied by vascular structures for each group. Scale bar 5 100 mm. (C-D) Representative images of vascular branches, IB4 1 endothelial tip cells and BrdU 1 /CD31 1 endothelial cells in WT and Adamts13 2/2 mice subjected to ischemia, and quantification of the data in WT and Adamts13 2 /2 mice subjected to ischemia or sham operation. Bar 5 20 mm. (E) Representative in vivo multiphoton microscopic images of cortical capillaries in real time in the living mouse brain. For visualization of the brain vasculature, FITC-dextran (MW 5 2 000 000 Da) was injected IV just before beginning the imaging experiment. (Right) Quantification of perfused capillary length in WT and Adamts13 2/2 mice subjected to ischemia or sham operation. Ad 2 /2 , Adamts13 2/2 . Bar 5 100 mm. (F) Representative images of tomato-lectin-perfused vessels and quantification of lectin-perfused vessel area in WT and Adamts13 2/2 mice subjected to ischemia or sham operation. Scale bar 5 50 mm. Values are mean 6 SD. One-way ANOVA followed by the Bonferroni multiple comparison test. n 5 6 per group, *P , .05.
BLOOD, 6 JULY 2017 x VOLUME 130, NUMBER 1 ADAMTS13 REGULATES VASCULAR REMODELING 13 For personal use only. on October 3, 2017. by guest www.bloodjournal.org From Figure 2 . Increased BBB breakdown and loss of the BBB properties in ADAMTS13-deficient mice. (A) Representative in vivo multiphoton microscopic images (left) of IV injected FITC-dextran (MW 5 40 000 Da) leakage from cortical vessels and quantification of the permeability surface (PS) product (right) of FITC-dextran in WT and Adamts13 2/2 mice subjected to ischemia or sham operation. Ad 2/2 , Adamts13 2/2 . Scale bar 5 50 mm. Values are mean 6 SD. One-way ANOVA followed by Bonferroni's multiple comparison test. n 5 6 per group, *P , .05. (B) Representative images of IgG deposits (green) and CD31 1 (white) in the peri-infarct cortical areas 14 days after stroke in WT mice. (Right) Higher magnification of the box in the center panel. Scale bar 5 100 mm and 10 mm (right). (C) (Left) At 14 days after stroke, mice were given an intravascular injection of 40 000 Da FITC-labeled dextran, and brain sections were stained with CD31. (Right) Quantification of extravascular dextran fluorescence in WT and Adamts13 2/2 mice subjected to stroke. Scale bar 5 30 mm. Values are mean 6 SD. Unpaired 2-tailed Student t test. n 5 6 per group, *P , .05. (D-E) Representative images of PDGFR-b 1 pericyte and a-SMA 1 smooth muscle cell coverage on CD31 1 microvessels in WT and Adamts13 2/2 mice subjected to stroke. Scale bar 5 50 mm (D) and 10 mm (E). (F) Immunoblots showing ZO-1, occludin, and claudin 5 levels in brain microvessels of WT and Adamts13 2/2 mice subjected to stroke. (G) Quantification of collagen IV 1 (Col IV) basement membrane coverage on CD31 1 microvessels in WT and Adamts13 2/2 mice subjected to ischemia or sham operation. Values are mean 6 SD. One-way ANOVA followed by Bonferroni multiple comparison test. n 5 6 per group, *P , .05. (H) Quantification of actin stress fiber formation on CD31 1 microvessels in WT and Adamts13 2/2 mice subjected to ischemia or sham operation. Values are mean 6 SD. One-way ANOVA followed by Bonferroni multiple comparison test. n 5 6 per group, *P , .05. (I-K) Beam-walking and tape removal tests in WT and Adamts13 2/2 mice. Values are mean 6 SD. Unpaired, 2-tailed Student t test. n 5 8 per group, *P , .05. d, day. significant increase in BBB permeability. When the BBB is disrupted, endogenous macromolecules in circulation can accumulate in the brain parenchyma. 32, 33 We then quantified the extravasation of circulating protein IgG in the brains of mice. Immunostaining of IgG with CD31 indicated a 2.3-fold greater extravascular accumulation of IgG in Adamts13 2/2 mice compared with WT controls (supplemental Figure 2A ). Next, we compared vascular phenotype in Adamts13 2/2 mice with WT littermate and nonlittermate mice. At 14 days after stroke, Adamts13 2/2 mice showed significant reductions in both microvascular length and area compared with WT littermate and nonlittermate mice (supplemental Figure 3A) . We also repeated the experiment to detect cerebrovascular perfusion using in vivo multiphoton microscopy imaging of IV injected FITC-dextran (MW 5 2 000 000 Da). This analysis indicated ;60% reduction in perfused cortical microvascular length in Adamts13 2/2 mice compared with WT littermate and nonlittermate mice (supplemental Figure 3B ). In addition, multiphoton microscopy of IV injected FITC-dextran (MW 5 40 000 Da) revealed an increase in BBB permeability in Adamts13 2/2 mice compared with WT littermate and nonlittermate mice (supplemental Figure 3C ). There was no significant difference in vascularization and vascular perfusion between littermate and nonlittermate WT mice.
Pericytes contribute to the maintenance of BBB integrity. 34 Using staining for pericyte markers platelet-derived growth factor receptor-b (PDGFR-b) and CD13, 33, 34 we found that PDGFR-b 1 pericyte coverage was 52% less and CD13 1 pericyte coverage was 53% less in Adamts13 2/2 mice compared with WT mice ( Figure 2D ; supplemental Figure 2B -C). Smooth muscle marker a (a-SMA) was also strongly reduced in the surrounding vessels in Adamts13 2/2 mice ( Figure 2E ; supplemental Figure 2D ). Together with these findings, the BBB tight junction proteins including ZO-1, occludin, and claudin 5 in brain microvessels were reduced ( Figure 2F ; supplemental Figure 2E -G), and collagen IV 1 basement membrane coverage was 54% less in Adamts13 2/2 mice ( Figure 2G ). In agreement with this result, actin stress fiber formation, which is associated with irregular endothelial junctions and elevated endothelial permeability, 35 was increased by 2.2-fold in Adamts13 2/2 mice ( Figure 2H ). In addition, Adamts13 2/2 mice had more severe neurological deficits as assayed by the beamwalking test and adhesive tape removal test ( Figure 2I 
Vascular area (%) Representative images of CD31 1 microvessels at 14 days after stroke in WT, Adamts13 2/2 , Adamts13 2/2 Vwf 2/2 , Vwf 2/2 mice, and Adamts13 2/2 mice treated with the anti-VWF antibody, and quantification of percent area occupied by vascular structures for each group. (C) Representative images of multiphoton microscopy of IV injected FITC-dextran (MW 5 2 000 000 Da) at 14 days after stroke in WT, Adamts13 2/2 , Adamts13 2/2 Vwf 2/2 , Vwf 2/2 mice, and Adamts13 2/2 mice treated with the anti-VWF antibody, and quantification of perfused capillary length for each group. (D) Representative images and quantification of CD13 1 pericyte coverage on CD31 1 microvessels at 14 days after stroke in WT, Adamts13 2/2 , Adamts13 2/2 Vwf 2/2 , Vwf 2/2 mice, and Adamts13 2/2 mice treated with the anti-VWF antibody. (E) Representative images of IgG deposits and CD31 1 microvessels at 14 days after stroke in WT, Adamts13 2/2 , Adamts13 2/2 Vwf 2/2 , Vwf 2/2 mice, and Adamts13 2/2 mice treated with the anti-VWF antibody, and quantification of extravascular IgG deposits for each group. Scale bars 5 50 mm (B-D) and 10 mm (E). Values are mean 6 SD. One-way ANOVA followed by Bonferroni multiple comparison test. n 5 6 per group, *P , .05, # P , .05 compared with WT. NS, not significant. BLOOD, 6 JULY 2017 x VOLUME 130, NUMBER 1 ADAMTS13 REGULATES VASCULAR REMODELING 15 For personal use only. on October 3, 2017. by guest www.bloodjournal.org Ang-2 Gal-3
ADAMTS13 regulates neovascularization and BBB permeability through VWF-Ang-2/Gal-3-dependent VEGFR-2 activation
To investigate the mechanism underlying ADAMTS13 deficiencymediated microvascular reduction and BBB breakdown, we studied VWF, which is the only known substrate for ADAMTS13. Previous studies have shown that phenotypes in the Adamts13 2/2 mice, such as atherosclerosis and thrombosis, were linked to VWF. 11, 12, 36 Furthermore, the lack of VWF caused enhanced angiogenesis in the Matrigel plug assay and increased vascular density in the mouse ear. 18 In the present study, we observed that 14 days after stroke, the ratio of plasma UL-VWF to low-molecular-weight VWF multimers was significantly increased in Adamts13 2/2 mice compared with WT mice ( Figure 3A) . Therefore, we hypothesized that the reduced vascularization in ADAMTS13-deficient mice might be mediated through a VWFdependent mechanism. We found that Adamts13 2/2 Vwf 2/2 mice had marked increase in microvessels in the peri-infarct cortex compared with Adamts13 2/2 ( Figure 3B ). In vivo multiphoton microscopy indicated a significant 3.5-fold increase in the length of perfused cortical microvessels in Adamts13 2/2 Vwf 2/2 mice compared with Adamts13 2/2 mice ( Figure 3C ). Adamts13 2/2 Vwf 2/2 microvessels also showed significantly greater increase in CD13 1 pericyte coverage compared with Adamts13 2/2 ( Figure 3D ). Furthermore, IgG perivascular accumulation was significantly reduced in Adamts13 2/2 Vwf 2/2 mice compared with Adamts13 2/2 ( Figure 3E ), indicating a significant reduction in BBB permeability. The Adamts13 2/2 Vwf 2/2 mice also exhibited significantly increased microvascular area, length of perfused cortical microvessels and CD13 1 pericyte coverage, and reduced perivascular IgG deposits compared with WT mice. We then detected vascular phenotype in the brain of Vwf 2/2 mice after stroke. We found that Vwf 2/2 mice had dramatically increased microvessels, more perfused cortical microvessels and pericyte coverage, and reduced IgG perivascular accumulation compared with the WT mice ( Figure 3B -E). No significant differences in the vascular phenotype were observed in mice deficient in both ADAMTS13 and VWF compared with mice deficient in VWF alone. Similarly, anti-VWF antibody treatment reversed the vascular phenotype in Adamts13 2/2 mice ( Figure 3B -E). Together, these data suggest that the impaired vascular remodeling observed in Adamts13 2/2 mice is VWF-dependent. Next, we used quantitative polymerase chain reaction (PCR) to assess the messenger RNA expression of 10 molecules potentially important for vascular integrity in brain microvessels isolated from ADAMTS13-deficient mutants and controls 10 days after stroke. 37 Of the 10 genes analyzed, Ang-2 and Gal-3 showed the largest alteration in gene expression, with more than 5.5-fold downregulation in Adamts13 2/2 mice ( Figure 4A ). In contrast, VWF deficiency resulted in a significant increase in Ang-2 and Gal-3 levels in the isolated brain microvessels ( Figure 4B ). Ang-2 is an antagonist of the vascular receptor tyrosine kinase Tie2 and is essential for angiogenesis and maintenance of endothelial integrity. 38, 39 Gal-3 is a proangiogenic factor, 40 and genetic ablation of Gal-3 was shown previously to suppress angiogenesis after stroke. 41 We therefore hypothesized that endogenous ADAMTS13 may contribute to vascular remodeling during stroke recovery by regulating Ang-2 or Gal-3. To examine this hypothesis, we studied the effects of overexpression of Ang-2 by adenoviruses treatment, and of exogenous administration of rGal-3 in Adamts13 2/2 mice. Injection of Ang-2 adenovirus in Adamts13 2/2 mice increased microvascular area, perfused cortical microvascular length, and pericyte coverage by 72%, 123% and 64%, respectively, compared with control virus (Figure 4C -E; supplemental Figure 4A ). Using multiphoton microscopy of IV injected FITC-dextran, we observed a significant reduction in BBB damage in Adamts13 2/2 mice treated with Ang-2 adenovirus ( Figure 4F ; supplemental Figure 4A ). Also, administration of rGal-3 resulted in a significant increase in microvascular area, the length of perfused cortical microvascular and pericyte coverage, and a substantial reduction in BBB disruption in Adamts13 2/2 mice ( Figure 4G-J; supplemental Figure 4B ).
The peri-infarct areas upregulate angiogenic signaling after stroke through the proangiogenic receptor's VEGFR-2 activation. 42 Western blot analysis of the isolated brain microvessels revealed a significant reduction in the phosphorylation of VEGFR-2 at tyrosine 1059 in Adamts13 2/2 mice compared with WT mice ( Figure 4K ). In contrast, Vwf 2/2 mice exhibited significantly increased VEGFR-2 phosphorylation compared with WT mice. Neither Adamts13 2/2 nor Vwf 2/2 mice showed changes in VEGFR2 expression compared with WT mice (Figure 4K , top left]; supplemental Figure 2H ). These results indicate that ADAMTS13 and VWF play opposite roles in regulating the phosphorylation of VEGFR-2 during stroke recovery. Consistent with findings that both Ang-2 and Gal-3 activate VEGFR-2 signaling, 20, 43 we found that adenoviral-mediated overexpression of Ang-2 or treatment with rGal-3 reversed downregulation of phosphorylated VEGFR-2 in Adamts13 2/2 mice ( Figure 4K ). As expected, the VEGFR-2 antagonist SU1498 led to a significant decrease in microvascular area, which is the length of perfused cortical microvascular and pericyte coverage in Adamts13 2/2 mice treated with Ang-2 adenoviruses or rGal-3 ( Figure 4C -E,G-I; supplemental Figure 4A -B); this was accompanied by increased BBB breakdown ( Figure 4F ,J; supplemental Figure 4A-B) . Collectively, these data indicate that VEGFR-2 is a downstream molecule of Ang-2 and Gal-3 signaling.
rADAMTS13 increases neovascularization and improves vascular function and behavioral outcome during the delayed stages after stroke Data described previously demonstrated that lack of ADAMTS13 reduced neovascularization and aggravated vascular defects after stroke. Quantitative PCR was used in freshly isolated brain microvessels to evaluate the expression of molecules potentially important for vascular integrity in WT and Adamts13 2/2 mice 10 days after stroke. CTGF, connective tissue growth factor; IGFBP7, insulin-like growth factor binding protein-7; IL-8, interleukin-8; osteo, osteoprotegerin. Values are mean 6 SD. Unpaired, 2-tailed Student t test. n 5 3 per group, *P , .05. (B) Quantitative PCR was used in freshly isolated brain microvessels to evaluate the expression of Ang-2 and Gal-3 in WT and Vwf 2/2 mice 10 days after stroke. Values are mean 6 SD. Unpaired 2-tailed Student t test. n 5 3 per group, *P , .05. (C-F) Quantification of percent area occupied by vascular structures, perfused capillary length, PDGFR-b 1 pericyte coverage, and the PS product of FITC-dextran in Adamts13 2/2 mice treated with control (Ad-Con) or Ang-2 adenoviruses (Ad-Ang-2), and Ad-Ang-2 in combination with dimethyl sulfoxide (DMSO) or the VEGFR-2 antagonist Su1498. Values are mean 6 SD. Oneway ANOVA followed by Bonferroni multiple comparison test. n 5 6 per group, *P , .05. (G-J) Quantification of percent area occupied by vascular structures, perfused capillary length, PDGFR-b 1 pericyte coverage, and the PS product of FITC-dextran in Adamts13 2/2 mice treated with saline or rGal-3, rGal-3 in combination with DMSO or the VEGFR-2 antagonist Su1498. Values are mean 6 SD. One-way ANOVA followed by Bonferroni multiple comparison test. n 5 6 per group, *P , .05. (K) (Left) Immunoblots of VEGFR-2 and phosphorylated VEGFR-2 in brain microvessels of WT mice, Adamts13 2/2 mice, Adamts13 2/2 mice treated with Ad-Con or Ad-Ang-2, Adamts13 2/2 mice treated with saline or rGal-3, Vwf 2/2 mice, and WT mice treated with vehicle or rADAMTS13. (Right) Quantitative determination of phosphorylated VEGFR-2 in brain microvessels for each group. Values are mean 6 SD. n 5 5 per group. *P , .05, One-way ANOVA followed by Bonferroni multiple comparison test. # P , .05, Unpaired, 2-tailed Student t test. (L) ADAMTS13 regulates angiogenesis and vascular remodeling by targeting VWF. ADMATS13 deficiency results in enhanced plasma UL-VWF and suppressed Ang-2/Gal-3-pVEGFR-2 signaling and as a consequence impaired vascular remodeling and functional recovery. BLOOD, 6 JULY 2017 x VOLUME 130, NUMBER 1 ADAMTS13 REGULATES VASCULAR REMODELING Thus, we next investigated whether extra administration of exogenous rADAMTS13 into WT mice could improve vascular remodeling. Compared with vehicle controls, mice treated with rADAMTS13 showed twofold, 1.9-fold, and 1.5-fold increases in BrdU 1 /CD31 1 endothelial cells, IB4 1 endothelial tip cells, and vascular branches ( Figure 5A-C) , respectively. Both intraventricular and intravenous administration of rADAMTS13 significantly increased the length and area of microvessels when compared with the vehicle group ( Figures 5D and 6A) . We also observed a marked 76% increase in lectin-perfused vessels in mice subjected to intraventricular rADAMTS13 treatment compared with mice treated with vehicle ( Figure 5E ). Multiphoton microscopy analysis of IV injected FITCdextran revealed that intravenous administration of rADAMTS13 caused a significant increase in the length of perfused cortical microvessels ( Figure 6B) . Notably, extravascular accumulation of circulating dextran and IgG were dramatically reduced in the brains of mice treated with intraventricular rADAMTS13 (Figure 7A-B) . Intravenous administration of rADAMTS13 was also similarly effective in reducing BBB permeability ( Figure 6C ). Next, we investigated whether the improvement of vascular remodeling by exogenous ADAMTS13 is abolished by exogenous VWF. We found that treatment with VWF in combination with rADAMTS13 significantly reduced microvessels, the length of perfused cortical microvessels, and BBB permeability compared with mice treated with rADAMTS13 alone (Figure 6A-C) . Furthermore, we observed that treatment of mice with rADAMTS13 induced a significant increase in VEGFR-2 phosphorylation ( Figure  4K ), which is consistent with a recent in vitro study. 22 Immunohistochemical quantification indicated 44% and 64% increases in CD13 1 and PDGFR-b 1 pericyte coverage, respectively, in rADAMTS13-treated mice compared with vehicle-treated mice ( Figure 7C ; supplemental Figure 5B ). There was also a significant 51% increase in the NG2 1 pericyte coverage in rADAMTS13-treated mice (supplemental Figure 5C ). Consistent with these findings, collagen IV 1 basement membrane coverage was 41% higher, and a-SMA coverage was significantly increased on cortical capillaries of rADAMTS13-treated mice ( Figure 7D ; supplemental Figure 5D ). To test whether the improved vascular function were associated with behavioral outcome, we next compared the performance of mice in the beam-walking test and adhesive tape removal test. At 1 to 7 days after stroke, no significant differences in behavioral deficits were detected in rADAMTS13-treated mice compared with vehicle-treated mice. However, both intraventricular and intravenous administration of rADAMTS13 improved neurological functions at 14 days ( Figures  6D-F and 7E-G ).
Discussion
In this study, we showed that deficiency of ADAMTS13 resulted in reduced neovascularization, increased loss of cerebrovascular integrity, and amplified vascular damage in the peri-infarct cortex in mice subjected to stroke. Treatment with rADAMTS13 beginning 7 days after stroke significantly enhanced neovascularization, restored impaired vascular function, and improved neurological functions at 14 days. Moreover, we demonstrated that ADAMTS13 promoted Col IV CD31 vascular remodeling after stroke via regulation of VWF-Ang-2/Gal-3-pVEGFR-2 in brain microvessels. Angiogenesis and vascular remodeling are essential for ischemic brain repair. In patients with stroke, there was a significant correlation between the microvessel density in the brain and delayed mortality. 7, 44 In the adult brain, neovascularization is a complex and finely regulated process that consists of the sprouting of new blood vessels from preexisting vascular structures and proliferation of cerebral endothelial cells. 6, 45 Here, we found that ADAMTS13 is an important regulator of new vessels formation in the peri-infarct cortex during the delayed stages after stroke. Our data showed that, by exerting inhibitory effects on the vessel sprouting and the endothelial cell replication, ADAMTS13 deficiency could restrict formation of new blood vessels. The substantial attenuation of functional revascularization in Adamts13 2/2 mice, as demonstrated by the reduced perfused vessels in the peri-infarct cortex, may also attributable to ADAMTS13 deficiency-mediated loss of newly formed brain vessels. Recent studies have suggested that ADMATS13 deficiency resulted in increased thrombus formation, myocardial infarction, atherosclerosis, cerebral infarction, and inflammatory responses, 11, 12, [46] [47] [48] whereas VWF deficiency was protective. In agreement with these findings, we found that ADAMTS 13 and VWF had opposite effects on blood vessel formation after stroke. Our findings led to the hypothesis that, by cleaving UL-VWF into less active VWF fragments, ADAMTS 13 reduces VWF-mediated vascular effects. In the present study, 8-to 10-week-old adult mice were used. However, because stroke in humans predominantly occurs in the aging population, 49 stroke models using older animals may be clinically more relevant than stroke models in young adults. To avoid the interference of female sex steroid hormones, 50 we used male mice; however, caution should be taken in extrapolating the results to stroke patients in women.
The breakdown of BBB in ischemic stroke can persist for several weeks after the ischemic insult. 30, 31 Pericytes and smooth muscle cells play important roles in regulating angiogenesis and BBB leakage. 34, [51] [52] [53] We found that ADAMTS13 deficiency in mice increased the ischemic damage to smooth muscle cells and pericytes, resulting in reduced pericyte and smooth muscle cell coverage on microvessels during the later phase of stroke. These effects were accompanied by reduced expression of the BBB tight junction and basement membrane proteins. We then observed amplified BBB damage in the peri-infarct cortex of Adamts13 2/2 mice, including significantly greater extravasation of IV administered FITC-dextran and increased extravascular accumulation of serum IgG. Preservation of the BBB is critical for maintaining the cerebral microenvironment. 54 Moreover, considering that chronic BBB breakdown is associated with microvascular reductions, 33, 55 these findings may suggest that ADAMTS13 deficiency blunted new vessel growth and maturation by increasing vascular permeability.
Our data indicate that VWF is required for ADAMTS13-mediated postischemic neovascularization and BBB integrity. VWF deficiency or inhibition of VWF function with anti-VWF antibody in Adamts13 2/2 mice was sufficient to restore cerebrovascular defects and prevent complete loss of microvessels. This findings are in agreement with previous studies showing that VWF-deficient mice had increased angiogenesis and a higher density of blood vessels. 18 The present findings also suggest that the mechanism of action of ADAMTS13 involves Ang-2-and Gal-3-mediated VEGFR-2 activation ( Figure 4L) ; however, other angiogenic signals may also contribute during stroke recovery.
Both VWF and Ang-2 are stored in WBPs of endothelial cells. 16, 17 A recent study reported that mice deficient in VWF exhibited increased Ang-2 levels in the heart. 56 Our results confirmed these reports and showed a significant increase in Ang-2 levels in the brains of Vwf 2/2 mice and a significant reduction in Ang-2 expression in Adamts13 2/2 mice. Because of the lack of UL-VWF clearance ( Figure 3A ) and increased plasma VWF in Adamts13 2/2 mice, 11 it is interesting to speculate that decreased Ang-2 expression in these mice was caused by lack of Ang-2 secretion. Ang-2 is known to induce pericyte loss and destabilize blood vessels 57, 58 ; however, the role of Ang2 in vascular integrity and permeability remains controversial. Previous work suggests that Ang-2 reduced BBB permeability after stroke 59 and induced vessel stabilization in glioma, 60 and that mice deficient in Ang-2 exhibited defects in pericyte in lymphatic vessels. 61 Here we observed that overexpression of Ang-2 in Adamts13 2/2 mice increased pericyte coverage and reduced vascular damage; these apparent differences might be due to the different models used in the various studies. We also observed that VWF deficiency resulted in an increase in Gal-3 levels. Previous work has shown that Gal-3 can interact with VWF and appears to circulate in complex with VWF. 19 These results, together with our findings, raise the possibility that the decreased Gal-3 levels observed in Adamts13 2/2 mice was caused by VWF, most likely the UL-VWF in the circulation. Finally, we found that administration of exogenous rADAMTS13 had a beneficial effect on vascular regeneration and long-term functional outcome, further demonstrating that ADAMTS13 is a key player in the late stages of stroke. In conclusion, the present results demonstrate a new role for ADAMTS13 in pathological and therapeutic angiogenesis.
